1. The effect of tetraethylammonium ions (TEA) on potassium or rubidium permeability was studied in canine tracheal smooth muscle.
INTRODUCTION
Tetraethylammonium (TEA) is known to reduce potassium conductance (YK) in the membrane of the squid giant axon (Armstrong & Binstock, 1965) , and it has also been shown to increase the excitability of and initiate excitation-contraction coupling in a group of smooth muscles that are otherwise electrically inexcitable and show no spontaneous activity (arteries: Mekata, 1971; Droogmans, Raeymaekers & Casteels, 1977; Casteels, Kitamura, Kuriyama & Suzuki, 1977; Haeusler & Thorens, 1980; trachealis: Kroeger & Stephens, 1975; Kirkpatrick, 1975; Suzuki, Morita & Kuriyama, 1976 ; stomach fundus: Osa & Kuriyama, 1970) . It has been suggested that in these tissues TEA depolarizes the membranes by blocking the resting gK, and pit Y 316 also blocks the voltage-sensitive increase in gK that is normally responsible for the marked rectifying properties of these membranes (Kirkpatrick, 1975; Harder & Sperelakis, 1979) .
It has been reported that the rate of 42K-efflux in arterial smooth muscle is appreciably increased by TEA in normal solution, whereas TEA decreases the rate in potassium-rich solution (rabbit ear artery: Droogmans et al. 1977 ; rabbit pulmonary artery: Casteels et al. 1977 ; TEA caused a blockade of both 42K-efflux and 42K-influx in the resting state (resting YK) in frog sartorius muscle fibres, and the blockade was reversed only partially by elevation of extracellular potassium (Volle, Glisson & Henderson, 1972) .
Since the relationship between membrane potential and the action of TEA is still unclear in smooth muscle, we investigated the effect of TEA on 42Kand 86Rb-efflux in canine tracheal smooth muscle in potassium-rich solutions. The results indicate that TEA suppresses the voltage-sensitive gK at low concentration and that it might suppress the resting gK at higher concentrations. METHODS Tissue preparation. Young male dogs (1-5 years old), weighing 7-15 kg, were used. The animals were killed with rapid i.v. injection of thiopentone sodium (0 9 g per dog). Circular muscle strips were obtained from the cervical trachea. The mucosa and adventitial areolar tissue were removed carefully, espcially in the preparations for ion flux experiments and for electrophysiological measurements. Each strip was cut into segments 2-3 mm in width and about 15 mm in length.
Measurement of tension. To examine the effect of drugs on the mechanical response, the strip was mounted in a 20 ml organ bath and connected to a force displacement transducer (Nihon-Koden Ltd, model SB-LT). After a 1 h incubation, drugs were applied to the muscle preparation, which had been subjected to a resting load of 05 g. Physiological 8olutionu. A physiological solution ofthe following composition was used as a normal Krebs solution (mM): Na+ 137, K+ 5 9, Mg2+ 1-2, Ca2+ 2-2, Cl-123-5, HCO3-25, H2PO4-1P2, glucose 14. It was equilibrated with 95 % 0j-5 % CO2. The pH was 74-7-5 at 37 'C. In ion flux experiments, TEA chloride replaced an equivalent amount of sodium chloride in the test solution. Solutions containing elevated concentrations of potassium were made by replacing sodium chloride with an equivalent amount of potassium chloride. Low-chloride solutions were made by replacing chloride salts (except TEA chloride) with corresponding acetate or other anion salts. In any given series ofexperiments, solutions containing the same concentration of chloride ions were used. All solutions used for ion flux experiments contained 0-3 /SM-atropine. Electrophy8iological 8tudies. The membrane potential was measured with micro-electrodes filled with 3 M-potassium chloride and having a resistance between 35 and 60 Mo. Electrical activities were displayed on an oscilloscope (Nihon-Koden Ltd, model VC-9) and on an ink-writing oscilloscope (Nihon-Koden Ltd, model WL-180).
Measurement of42K-and 86Rb-effiux. The strips were mounted isometrically on stainless steel rods for ion flux experiments. Radioactive 42K and 86Rb were obtained from the Japan Radioisotope Association and New England Nuclear Inc., respectively. The specific activity of 42K available in Japan is so low (25-65 mCi g-1 K) and the half-decay time of 42K is so short (12-36 h), that radioactive solutions with potassium concentrations lower than 10 mm contained too few counts to be useful. For this reason 86Rb, whose half-decay time is 18-7 days, was used instead of 42K in most of our experiments. (When 86Rb was used as a tracer, potassium in the loading and washing fluid was not replaced with rubidium.) The final concentration of rubidium in the loading solution (normal Krebs) was approximately 10/SM, and the same loading solution was used in all of the experiments in this study even if the washing fluids were modified. The validity of 86Rb as a substitute for 42K in efflux experiments is discussed in Results.
The preparations were preincubated in normal Krebs solution for 1-1P5 h at 37 'C and pH 7'4, and subsequently incubated for 2 h in the radioactive solution. They were then transferred through 34 TEA ON TRACHEAL SMOOTH MUSCLE a series of test-tubes each containing 1-5 ml of the washing fluid. The efflux periods were 5 or 10 min for each. At the end of the efflux sequence the tissue was removed from the stainless steel frame, blotted gently on filter paper (Toyo No. 2) and wet weight determined. The tissue was then dissolved in 1 N-nitric acid and the volume of sample adjusted with water to 1-5 ml. Radioactivity of samples containing 42K or 86Rb was measured in an Aloka autogamma spectrometer (model JDC-755).
Drugs. The following drugs were used: atropine sulphate (Tokyo-Kasei Co. Ltd), verapamil hydrochloride, D-600 (Knoll A.G.), thiopentone sodium (Tanabe Pharmacological Co. Ltd), and ethylenediamine tetraacetic acid (EDTA), tetraethylammonium chloride, sodium chloride and all other salts for normal and modified Krebs solutions (Wako Pure Chemicals).
Statistical methods. Most of the results are expressed as means.E. The numbers of dogs and preparations used in an experiment are represented by N and n, respectively. The significance of the difference was determined using Student's t test (P = 0 05).
RESULTS
Effect of TEA on resting membrane potential. The effect of TEA on the resting membrane potential in normal Krebs solution was studied by intracellular microelectrode ( Fig. 1 ). TEA produced a concentration-dependent depolarization of the membrane over the range of 1-30 mm. The initial dose of TEA which produced a detectable depolarization varied widely from about 1 to 15 mm in different preparations. When the membrane was depolarized to about -40 mV, spontaneous electrical activity, i.e. oscillations or spike potentials, was observed (Watanabe, Imaizumi & Kasuya, 1979) .
42K-and 86Rb-efflux from canine tracheal smooth mUscle. Both 42K-and 56Rb-efflux from canine tracheal smooth muscle obeyed single exponential permeability kinetics except during the initial period (30-40 min) of efflux ( Fig. 2 A, B ). The line expressing the decrease in the radioactivity of 42K or 86Rb remaining in the cells (counts min-) and that expressing the decrease in the activity in the effluent fractions (counts min2) were nearly parallel. This suggests that potassium and rubidium ions were both lost from a single homogeneous compartment (Persoff, 1960) . The half-times of the exponential curves of 42K-and 56Rb-efflux between 60 and 120 min were 1105+22-1 min (N = 4, n = 7) and 140-8+ 19-9 min (N = 4, n = 8), respectively. The difference between these two values was not statistically significant (P = 0-05). The rate coefficients of 42Kand 56Rb-efflux were not significantly different at any time throughout the washout, although the rate of 56Rb-efflux tended to be slower than that of 42K-efflux.
Effect of TEA oh 42K-and 86Rb-efflux in normal Krebs solution. TEA markedly increased the rate coefficient of the 42K-efflux from canine tracheal smooth muscle (Fig. 3A) , as it does from the rabbit main pulmonary artery ). 56Rb-efflux was also enhanced by TEA in the same manner as 42K-efflux ( Fig. 3B ). In a previous paper we showed that rubidium ions were as effective as potassium ions but that caesium ions were ineffective in maintaining mechanical activity induced by TEA in canine tracheal smooth muscle (Watanabe et al. 1979 ). These results indicate that 56Rb can be used as a tracer of potassium ion movement in smooth muscle cells as in the pancreatic islets, an excitable secretary tissue (Henquin, 1977) . Thus tracer amounts of 86Rb were added to the uptake solution containing the normal concentration (5 9 mM) of potassium ions.
It was then investigated whether the increase in the efflux of potassium caused by 2-2 35 36 Y. IMAIZUMI AND M. WATANABE addition of TEA was due to depolarization or to initiation of spike potentials. Verapamil, which is known as a calcium blocker, inhibited the rhythmic contractions induced by TEA almost completely at a concentration of ISM, but did not completely inhibit the increase in 42K-efflux ( Fig. 3A ) or 86Rb-efflux at the same concentration. It has been reported that D-600 is more potent and more specific than verapamil as a calcium blocker (Fleckenstein, 1977) . In the presence of D-600 at high concentration Points are mean values (± S.E. as vertical bars) of twenty-two to fifty-nine measurements (N = 3-5) within 30 min from addition of TEA, which was added cumulatively to the concentration on abscissa. Spontaneous electrical activity was observed at high concentrations (10-30 mM), but it is the membrane potential during quiescent periods that is shown in the Figure. (3 ItM), 56Rb-efflux was slightly decreased and the effect of TEA on 56Rb-efflux was abolished ( Fig. 3B ). TEA at 20 mm depolarized the cell membrane from -55-6 + 0-8 mV (N = 4, n = 96 cells) to -34-8 + 0 7 mV (N = 3, n = 48, measured 20-60 min after the addition of TEA), and the cell membrane was depolarized up to -35-3 + 0-6 mV (N = 3, n = 43) when 20 mM-TEA and 3 /SM-D-600 were added at the same time. Thus, the depolarization induced by TEA was not affected by addition of D-600. It appears from these findings that in normal Krebs solution the increase in the efflux of potassium produced by TEA is due almost entirely to the increase in electrical activity that is initiated by the depolarization, rather than to the depolarization itself. Y. IMAIZUMI AND M. WATANABE Effect of TEA on mechanical activity and membrane potential in high-potassium Kreb8 solution. In 10 mm-potassium Krebs solution, the mechanical response to TEA was potentiated in amplitude, and lower concentrations of TEA than were needed in normal Krebs solution seemed enough to initiate rhythmic activity ( Fig. 4A, B ; since the results are from separate preparations, the amplitudes of the mechanical Krebs solutions whose potassium concentration was varied. Note that the gain of the mechanical recording and chart speed were increased in C and that oscillation in tension can be seen at high gain.
responses cannot be compared). In 20 or 30 mM-potassium Krebs solution, no rhythmic activity appeared but very small fluctuations were superimposed on a tonic contraction (Fig. 4C ). In solutions containing more than 50 mM-potassium, TEA did not contract the tracheal smooth muscle any more but relaxed it to a very small extent ( Fig. 4D, E, F) . The maximum relaxation was induced by 5-10 mM-TEA and further additions of TEA had no effect on mechanical activity. The small relaxation was not affected by either 0 3 /uM-atropine or 1 /LM-propranolol.
The effect of TEA on the membrane potential in high-potassium solution is illustrated in Fig. 5 . Though 5 mM-TEA depolarized the cell membrane by approximately 5 mV, neither oscillations nor spike potentials were induced (Fig. 5A) . A depolarization with oscillations of membrane potential was observed soon after the concentration of potassium was elevated from 5 9 to 15-9 mm, and a few minutes later the oscillations changed into spontaneous spike potentials (Fig. 5B ). When the potassium concentration of the medium was elevated without addition of TEA, spontaneous electrical activity never occurred. The depolarization induced by TEA was decreased in amplitude, but was still observed even in a solution whose 38 TEA ON TRACHEAL SMOOTH MUSCLE 39 concentration of potassium was elevated to 30 or 50 mM (Fig. 5C, D) . Spontaneous electrical activity, however, did not occur after the addition ofTEA in high-potassium (more than 50 mM) Krebs solution. In an almost completely depolarized muscle, TEA did not affect the membrane potential, while the muscle was relaxed slightly. 86Rb-efflux in high-potaseium Krebs solution and the effect of TEA. In high-potassium
Krebs solution in which sodium chloride was replaced by potassium chloride the efflux of 42K was so large that a prolonged experiment was difficult to carry out, because the rate of 42K-efflux continuously declined (Fig. 6A ). Though the rate of 56Rb-efflux in high-potassium Krebs solution was much slower than that of 42K-efflux, it was also too fast for an experiment longer than 2 h and did not remain constant (Fig. 6B ). When chloride ions in the washing fluid were replaced by larger anions such as acetate, propionate or benzoate, the rate of 86Rb-efflux in these solutions was appreciably lower than in the solutions containing smaller anions such as chloride or nitrate (Fig. 6B) , and the rate coefficient of 56Rb-efflux remained constant even if the potassium concentration was elevated. Therefore the experiments in high-Y. IMAIZUMI AND M. WATANABE potassium Krebs solution were carried out using acetate instead of chloride in the bathing solution (high-potassium-acetate Krebs solution).
The decrease in 86Rb-efflux caused by TEA, as a function ofextracellular potassium concentration, is shown in Fig. 7 . The threshold concentration of extracellular potassium ion necessary to increase the rate coefficient of 86Rb-efflux seemed to lie between 10 and 20 mm. In separate experiments, TEA normally induced neither spontaneous spike potentials nor rhythmic contractions at these concentrations in a solution containing large anions as a substitute for chloride. Instead, a tonic contraction with or without concomitant oscillations of the membrane potential occurred following the addition of 10-20 mM-TEA in all four preparations obtained from two dogs when acetate replaced chloride. In two preparations from another dog, low-amplitude and irregular rhythmic contractions were observed in the same conditions. It may be one of the reasons why TEA increased the rate coefficient of 86Rb-efflux to a very small extent in the solutions containing 5-20 mM-potassium. A pronounced effect of TEA on the rate of S6Rb-efflux at higher concentrations of potassium was revealed under these conditions. When the concentration of potassium ions was elevated from 5 to 70 mm, the rate coefficients were increased by factors of 2 and 8-5 in the presence and the absence of TEA, respectively. It is also a matter of interest that the rate coefficient was kept constant even if potassium concentration was elevated from 50 to 70 mm in the presence of TEA. These results indicate that the effect of TEA on potassium permeability does not depend upon the extracellular potassium concentration.
The influence of the concentration ofextracellular calcium ions on the effect ofTEA was also examined, and although the block was slightly reduced in calcium-free 40 TEA ON TRACHEAL SMOOTH MUSCLE solution, and slightly enhanced in 4-4 mM-calcium, the effects were barely significant. Therefore the effect of TEA on potassium permeability seemed to be essentially unaffected by the presence or absence of extracellular calcium ions. This indicates that the blocking effect of TEA on 56Rb-efflux in high-potassium solution does not depend on extracellular calcium.
Relationship between the concentration of TEA and the blockade of potassium permeability. The effect ofTEA on 56Rb-efflux in high-potassium solution and the method Mean values ±S.E., N = 1, n = 4 (for both groups). Difference was significant (P < 0-05) between the value of the control (0) and that of the TEA-treated group (0) every time in 50 mm-and 70 mM-potassium Krebs solution.
used for its evaluation are illustrated in Fig. 8 , and a dose-response curve for the effect of TEA is shown in Fig. 9 . 56Rb-efflux was reduced in a dose-dependent manner by TEA in concentrations ranging from 0-08 to 40 mm. The Scatchard plot of the data (Fig. 9B ) was well fitted by straight line, suggesting either that there is a single class of non-interacting sites of action for TEA or that there is more than one class of site of action with very similar dissociation constants (KD). Since there was no systematic deviation from a straight line, it can be assumed that there is a single class of sites of action for TEA, at least in these experimental conditions, so that the effect of TEA represented as the decrease in rate coefficient U, is MT/(T+ KD), where M is the maximum decrease in rate coefficient and T is the concentration ofTEA. For the data Time (mT2) Fig. 8 . Effect of TEA on 86Rb-efflux in high-potassium-acetate solution and methods for its evaluation. Mean values of two preparations from one dog are shown. The experiment was carried out in an aliquot of efflux solution containing 70 mM-potassium, 20 mMchloride, 1026 mM-acetate ions and 20 mrM [TEA +Na+]0. In order to maintain the osmotic pressure of the solution, TEA chloride was replaced with equimolar sodium chloride. Other constituents of the efflux solution were the same as those of normal Krebs solution described in the Methods. As 86Rb-effiux became stable within 40-50 min, the tissues were transferred to the efflux solution containing TEA 60 mmn after the start of the efflux experiment and throughout the remaining period. A decrease in rate coefficient (U) by TEA was calculated from: U = [A1B2/A2B1] x 100 (%), where A1, A2, B1 and B2 are rate coefficients in untreated and TEA-treated preparations at the times shown in the Figure. shown in Fig. 9A , the values of M and KD were calculated from the Scatchard plot ( Fig. 9B ) as 52-5 %/ and 0-93 mrM, respectively. Thus, the theoretical curve for the effect of TEA shown in Fig. 9A is U = 52-5 T/(0-93 + T). As the maximum decrease in the rate coefficient caused by TEA was only 52-5%, there seemed also to be a TEAinsensitive 56Rb-effiux in canine tracheal smooth muscle under these experimental conditions. DISCUSSION It has been reported that rubidium has a blocking effect on the potassium permeability of the cell membrane in skeletal muscle (Adrian, 1964; Sjodin, 1966 : Volle et al. 1972 ). On the other hand, 56Rb has been used as a tracer of potassium ions for investigations in secretory tissues (Putney, 1976; Marier, 1977; Henquin, 1977; Putney, 1978a, b) or of membrane transport systems such as the sodiumpotassium pump (Bonting, 1970; Tomita & Yamamoto, 1971 ).
In a previous paper we showed that sodium-potassium pumping system had an important role in maintaining the rhythmic activity induced by TEA in canine tracheal smooth muscle (Watanabe et al. 1979) , and that in the presence of TEA, rubidium was as effective as potassium in inducing mechanical activity, but that caesium could not be substituted for potassium. Although the rate of 86Rb-efflux is lower than that of 42K, especially in high-potassium solution, 56Rb and 42K appeared to behave in a similar manner at the tracheal smooth muscle cell membrane. The half-time of 42K-efflux for the canine trachea (1 10-5 + 22-1 min) was longer than that reported for the taenia coli of the guinea-pig (68-2 + 1-75 min) and as long as that for the vas deferens of the guinea-pig (111+3 min) (Casteels, 1970) . These results are predictable as the taenia coli is electrically and mechanically more active than the canine trachea. TEA increased the rate of efflux of potassium in the canine trachea, as it does in the rabbit pulmonary artery in normal physiological solution (Droogmans et al. 1977) . Droogmans et al. suggested that the increase was due to concomitant depolarization of the cells and the occurrence of spikes. On the basis of our results it seems that in canine trachea the increase in potassium efflux caused by TEA is due almost entirely to the occurrence of electrical activity such as spike potentials and not to the depolarization itself. The possibility that the decrease in 42Kor 86Rb-efflux produced by TEA was, however, masked by the concomitant depolarization even in the presence of D-600, cannot be ruled out.
Although it has been found that the rate of 42K-efflux is reduced by TEA in Y. IMAIZUMI AND M. WATANABE high-potassium solution in vascular smooth muscle, it has also been recognized that the rate of 42K-efflux is too large and that the rate coefficient does not remain constant (Droogmans et al. 1977; Casteels et al. 1977) . This phenomenon was also seen in canine tracheal smooth muscle for both 42K and 86Rb. It is known that when chloride ions in the medium are substituted with larger anions the potassium permeability in the smooth muscle cell membrane is decreased (Casteels, 1970) , and it was found in the present studies that the rate coefficient remains constant for 3 h or more even in high-potassium solution, when chloride ions were replaced with acetate ions.
As shown in the Results, TEA strongly suppressed the 86Rb-efflux in highpotassium-acetate Krebs solution. Though the conditions used in the present 86Rb-efflux experiments were far from physiological, and 86Rb-efflux cannot be the same thing as potassium efflux, the results may indicate that TEA acts at least on the potassium channel in depolarized cell membranes which may also be responsible for voltage-senstive UK. The qualitative and quantitative relationship between voltage-sensitive gK activated by passing outward current and the gK in highpotassium solution, however, remains a matter for investigation.
The drug concentration-effect curve for TEA fitted the modified Langmuir adsorption isotherm in our preparations. The interaction between TEA and the site of action has been investigated in many tissues (amphibian neurone: Hille, 1967;  Ranvier's node: Vierhaus & Ulbrich, 1971 ; sartorius muscle: Volle et al. 1972; Stanfield, 1970a, b; myocardium: Ochi & Nishiye, 1974) . In all of these tissues, drug concentration-effect relationships for TEA in its action on 9K (or permeability) can fit a curve for the drug-receptor complex assuming one molecule of TEA combines with one receptor. In these studies, the dissociation constants (KD) for the so-called voltage-sensitive gK (04 mM: Hille, 1967 ; 0 93 mM: Vierhaus & Ulbrich, 1971 ; 2 mM: Ochi & Nishiye, 1974; 8 mM: Stanfield, 1970a ) are smaller than the so-called resting rK (20 mM: Stanfield, 1970b; 20 mM: Volle et al. 1972 ). In smooth muscle, however, there have been only a few quantitative studies which make the effect of TEA on gK clear (Ito, Kuriyama & Sakamoto, 1970; Inomata & Kao, 1976; Mironneau & Savineau, 1980) . In the present study, by elevating extracellular potassium concentration up to 50-70 mm and replacing chloride in the medium with acetate ions in 86 Rb-efflux experiments, the effect of TEA on gK in depolarized canine tracheal smooth muscle could be detected quantitatively. In comparison with the KD values of TEA for blocking the potassium channel in other excitable tissues, the value obtained from our results (0 93 mM) is quite reasonable as a blocker for voltagesensitive gK.
TEA induced spontaneous electrical activity and subsequent mechanical activity at doses higher than 10 mm, which depolarized the membrane by 15-20 mV in amplitude. At 5 mm, TEA depolarized the cell membrane to a smaller extent (5-7 mV: cf. Figs. 1 and 5A; 8 mV: Suzuki et al. 1976) and rarely caused spontaneous activity, while excitation-contraction coupling was easily initiated by outward current (Suzuki et al. 1976) . Even doses of TEA lower than 5 mm could produce spontaneous activity if the membrane was depolarized to -40 to -30 mV by elevating extracellular potassium concentration (cf. Fig. 5B ; rabbit ear artery: Droogmans et al. 1977) . This membrane potential might be the threshold for a calcium spike. As the KD value for TEA obtained in the present study is smaller than the concentration of 44 TEA ON TRACHEAL SMOOTH MUSCLE TEA which induced a detectable depolarization of the cell membrane, it is assumed that the resting gK is less sensitive to TEA than the voltage-sensitive one and that there may be corresponding separate dissociation constants for them. It is very likely that not only the voltage-sensitive gl but also the resting gK must be inhibited for the initiation of spontaneous activity in canine tracheal smooth muscle.
